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We demonstrate that the degree of charge delocalization has a strong impact on polarization energy and thereby
on the position of the transport band edge in organic semiconductors. This gives rise to long-range potential
fluctuations, which govern the electronic transport through delocalized states in organic crystalline layers. This
concept is employed to formulate an analytic model that explains a negative field dependence coupled with
a positive temperature dependence of the charge mobility observed by a lateral time-of-flight technique in a
high-mobility crystalline organic layer. This has important implications for the further understanding of the
charge transport via delocalized states in organic semiconductors.
DOI: 10.1103/PhysRevB.96.125202
I. INTRODUCTION
The improvement of electronic transport in organic semi-
conductors (OSs) is critical for a range of electronic appli-
cations, notably, for organic field-effect transistors (OFETs).
There has been tremendous progress in developing both
alternative OSs and fabrication techniques for thin crystalline
films, which provide high charge-carrier mobilities (μ) well
above 1 cm2/V s [1–5]. At the same time, the fundamentals
of the charge transport in OS films with charge mobilities
in the range ∼1−10 cm2/V s (relevant for many advanced
OFETs) are still not completely understood. This mobility
range falls into an intermediate region between two well-
established transport regimes, namely, the thermally activated
hopping transport applicable to low-mobility disordered OS
and the band-transport regime observed in perfect high-
mobility organic single crystals. Understanding the processes
that determine charge transport in this intermediate regime
remains a challenge [6].
The dependence of the charge-carrier mobility on temper-
ature μ(T ) and electric field μ(E) are commonly used to elu-
cidate the mechanism of charge transport. Disordered films of
OSs with hopping charge transport typically show μ increasing
with electric field in a Poole-Frenkel fashion [ln(μ) ∝ √E]
and positive temperature dependence (dμ/dT > 0) [7,8]. On
the contrary, in perfect organic single crystals, μ is normally
independent of electric field at not-too-low temperatures [9,10]
and features a negative temperature dependence (dμ/dT < 0)
that is usually rationalized in terms of band motion. Despite
great technological relevance of high-mobility crystalline OS
thin films prepared from solution or by vacuum evaporation,
their molecular ordering over the whole transistor channel
might not necessarily be as perfect as in a high-quality bulk
single crystal. Therefore, the charge transport mechanism in
these films might differ from classical band transport.
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In this paper, we report that energy levels in OSs vary signif-
icantly with the degree of charge delocalization. Hence the spa-
tial distribution of the charge delocalization length can cause
long-range potential fluctuations of the band edge in crystalline
OS films. These fluctuations can strongly affect the delocalized
charge transport within the highly crystalline, yet imperfect,
organic film when the localized states do not play a dominant
role. To validate our model, we fabricated highly crystalline
films of 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene
(C8-BTBT)—a renowned band-transport OS with a firmly
established two-dimensional (2D) delocalization nature of
transporting states [11,12]. Time-of-flight (TOF) photocurrent
measurements of these films in a lateral transport configuration
attested to μ as large as ∼20 cm2/V s, yet have surpris-
ingly showed a negative μ(E) dependence at relatively high
temperatures (T  295 K) along with a thermally activated
charge transport. This is unusual since this type of delocalized
transport cannot be rationalized by classical band-type trans-
port models. Here we show that this behavior can naturally
be described by an analytic effective-medium approximation
(EMA) model employing the concept of the transport band
edge variations and notion of the field-dependent effective
dimensionality of charge percolative paths.
II. MOLECULAR MICROELECTROSTATIC MODEL
CALCULATIONS
We begin by assessing the impact of spatial variation of
the charge delocalization length on energetic disorder within
imperfect crystalline layers of OSs. Indeed, the conventional
pointlike charge approximation can become problematic when
states are extended, as was recently shown for, e.g., the
Förster-type resonant energy transfer of delocalized exci-
tons [13], and we believe that similar reasoning applies
to delocalized charges. We calculated the charge transport
energies in OS as a function of the degree of charge-carrier
delocalization by means of a molecular microelectrostatic
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FIG. 1. Evolution of the electronic structure upon charge delocalization for the case of a monolayer of pentacene molecules. (a) Possible
delocalization geometries in a monolayer of pentacene; for each case, we consider delocalization of a positive charge over N = 5 molecules
and tabulate the corresponding polarization energy P . (b) Sketch of the charge delocalization impact on the electron and hole transport band
energies. (c) As the charge delocalization expands over more molecules, P decreases; correspondingly, the hole transport energy Eh approaches
the HOMO level of a neutral pentacene molecule (6.6 eV). Note that this represents an upper limit of the effect due to an idealized equalized
charge density distribution over N molecules being used to model the delocalization [16]; a nonuniform distribution leads to less strong shifts.
model described previously [14]. This model was applied here
to a canonical OS—pentacene. We elected pentacene because
our microelectrostatic model has already been extensively
validated against more rigorous quantum-chemical approaches
and experimental measurements of pentacene [14,15]. Also,
the charge transfer integrals are well established by quantum-
chemical calculations. Finally, pentacene adopts a layered
structure in which molecules are oriented nearly vertically
on a substrate in a herringbone configuration [12,16]. As the
transfer integral for holes between adjacent molecular layers
is negligible [12], the delocalization is envisaged by dividing
a charge equally over N nearest-neighbor molecules within
a single layer. We assess the likely delocalization geometry
[Fig. 1(a)] based on pentacene charge transfer integrals.
These reflect the probability of charge extension over several
molecules, which strongly depends on the mutual molecular
orientation. The computational details are given elsewhere
[17] (see Sec. 1 of the Supplemental Material for more
details [18]).
A remarkable finding of these calculations is that the
polarization energy P , which impacts the position of the
conduction/valence band, is decreasing with the extent of
charge delocalization [Fig. 1(b)]. This is in line with the re-
cently revealed decreasing trend of P with increasing number
of aromatic rings in linear oligoacenes [19]. Delocalization-
induced drop of P and consequent gradual shift of the hole
transport energies Eh is shown in Fig. 1(c). It represents an
upper limit of the effect due to an idealized uniform charge
density distribution over neighboring molecules that was used
to simulate the charge delocalization [16]. Consequently,
Eh gradually shifts towards the highest occupied molecular
orbital of a single pentacene molecule (6.6 eV) as the charge
is delocalized over an increasing number of neighboring
molecules. Similar convergence of the transport levels for
delocalized charges towards the levels of neutral molecules
has been demonstrated by charge modulation spectroscopy
on some pentacene derivatives [20]. The calculation above
suggests that the position of the valence and conduction band
edges in OSs can change notably with the charge delocalization
length. Imperfections of crystal structure (disorder) inevitably
limit the charge delocalization length, and their nonuniform
distribution over a nonperfect crystalline film should give rise
to delocalization lengths that are spatially distributed, thereby
modulating the transport band edge.
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III. EMA CHARGE TRANSPORT MODEL
To assess the effect of the disorder-induced spatial distribu-
tion of the charge delocalization length on the charge-carrier
transport, we employ the EMA model [21] which we recently
suggested. This model is based on the concept of static
potential fluctuations in the transport band. The potential
fluctuations’ concept was originally suggested for imperfect
semiconductors [22,23] and it represents an alternative to more
common band-tail state descriptions of the charge transport in
chalcogenide glasses [24], amorphous oxides [25], and α-Si:H
[26]. This model was formulated for zero electric field [21]. In
this paper, we extend it to arbitrary fields and 2D delocalized
transport, and apply it to highly ordered OSs.
The key assumption of our model is that variation of
the transport band edge εm obeys a Gaussian distribution
with the standard deviation δ0 in terms of the Thomas-Fermi
approximation [22]: P (εm) = 1/δ0
√
2π exp[−1/2(εm/δ0)2].
These spatial variations are assumed to be sufficiently smooth,
with the characteristic length b to be larger than the mean free
path of a charge carrier, but much smaller than the length
of the system. At low trap density in organic crystalline
films, the charge transport can be controlled by the above
variations of εm. The latter constitute potential barriers in
the transport band and the system can be considered as
energetically weakly disordered with the “disorder” pertaining
here to the delocalized band-energy states. Although the
transport pertains to percolation, we use an EMA approach
that is more appropriate for weakly disordered systems and
tacitly encompasses the percolation phenomena. Our method
is based on a self-consistency equation for the effective drift
conductivity σe [27,28]:
〈
σ (εm) − σe
σ (εm) + (d − 1)σe
〉
= 0, (1)
where d is the spatial dimension of the considered transport
problem. 〈· · · 〉 denotes the configuration averaging. The
effective drift mobility μe in extended states is then calculated
using σe. Calculation details are presented in Sec. 2 of the
Supplemental Material [18].
To account for the presence of the electric field, E, we
employ here the concept of the so-called effective dimen-
sionality of the percolation paths, deff , suggested earlier
[29,30]. We extend this concept to systems with continuous
(that is in fact positional) disorder. The basic idea of the
effective dimensionality is the following: At low fields the
current in a disordered system flows along certain optimal
one-dimensional paths determined by the requirement of
maximum current flow, and its local direction does not always
coincide with the direction of E. It may contain detours
around low-conductivity spots. With increasing electric field,
the current can no longer bypass regions of low conductivity
and the percolation paths become less twisted. This yields
lower μe at not-too-high E since the carriers are forced to
run also through poorly conducting elements. The effect can
be described in terms of the deff , which decreases to 1 with
increasing E as established by percolation and EMA theories
[29,30], and corroborated by numerical calculations [31].
Rigorous EMA calculations for a 2D positionally disordered
system yield [29,30]
deff = 21 + 2
π
tanh2
(
λ
2
)
K
[
cosh−2
(
λ
2
)] , (2)
where K(t) is the complete elliptic integral of the first kind,
λ = eEa/kBT , and a is the characteristic mesh length. We
assume that Eq. (2) can be applied to any disordered system
where the effective conductivity σe can be described by
percolation formalism. Thus, to extend our model [21] for
arbitrary electric field, we substitute the spatial dimension d
in Eq. (1) by deff given by Eq. (2) and assume b = a [18].
IV. COMPARISON WITH EXPERIMENT AND DISCUSSION
Next, we test the model developed above by analyzing TOF
photoconductivity measurements of single-crystalline layers
of the C8-BTBT. As in the case of pentacene, thin films
of C8-BTBT consist of stacked layers whose molecules are
oriented nearly vertically relative to the substrate and adopt a
herringbone configuration within the plane of the layer. The
long alkyl chain of C8-BTBT makes the electronic coupling
between adjacent layers extremely weak in the c direction.
Thus band transport in C8-BTBT is realized along these layers
and the transport problem is two dimensional [12,16], which
corresponds well to the microelectrostatic calculations done
for pentacene. Recent field-induced time-resolved microwave
conductivity measurements revealed unprecedentedly high
charge mobility (>100 cm2/V s at room temperature) in a
BTBT derivative associated with the 2D character of the crystal
[32]. Our C8-BTBT films were processed by zone-casting a
0.25 wt % C8-BTBT:hexane solution, as described elsewhere
[3,18,33]. The films exhibit an excellent degree of crystallinity
with millimeter-size crystal domains (details of crystal film
growth and characterization are described in Sec. 3 of the
Supplemental Material [18]). Free-electron-like Hall effect has
been previously reported on equivalent C8-BTBT films [11].
These highly crystalline layers are therefore ideally suited for
studying delocalized transport.
We performed TOF charge mobility measurements in these
crystalline C8-BTBT thin films (see Sec. 4 of the Supplemental
Material). The TOF technique was preferred since it operates
in a low-carrier concentration regime [7,8] were the space-
charge effects are greatly reduced. In contrast to OFETs, TOF
measures bulk mobility values that are much less affected by
interface defects/dipoles. Since blocking contacts are used in
TOF measurements, charge-carrier injection and associated
contact-resistance effects on charge mobility are also reduced.
The TOF method employed in this study does not rely on
a conventional sandwich-type electrode geometry. It rather
uses a coplanar-electrode configuration [a schematic view is
shown in the inset of Fig. 2(a)] as described in our earlier
work [34]. The main advantage of this method is that the
charge transport is probed in the lateral direction parallel to
the substrate, along the densely packed plane of C8-BTBT in
which delocalized transport is realized. This direction also
coincides with the conduction channel in OFET and Hall
devices [11].
Figure 2(a) shows the set of I (t) curves in a double-
logarithmic representation obtained at T = 323 K and at bias
voltage Vb ranging from 50 to 150 V (top to bottom).
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FIG. 2. TOF photocurrent transients measured in C8-BTBT crys-
talline film at 323 K under different Vb (a) and at constant bias
Vb = 150 V for different temperatures (b). Dashed asymptotic lines
were used to estimate the transit times (indicated by arrows). Inset in
(a) shows a schematic view of the TOF photocurrent measurement.
Figure 2(b) shows I (t) curves obtained at Vb = 150 V and
at temperatures ranging from 295 to 353 K (top to bottom).
In order to emphasize the abrupt change in slope of I (t)
signaling the charge-carrier transit time ttr , we have restricted
the time scale to a range from 10 to 100 ns (the extended
time-scale plot of I (t) and experimental details are presented in
Sec. 4 of the Supplemental Material [18]). We employed the
common method of two asymptotes of different slopes [8] to
determine the resulting ttr , which is indicated by arrows in
Figs. 2(a) and 2(b). In the zeroth-order approximation, the
mobility can be determined from ttr using the conventional
expression μTOF = L2/Vbttr .
The resulting values of μTOF as a function of Vb and T are
presented in Figs. 3(a) and 3(b), respectively. μTOF reaches
values as high as 24 cm2/V s at T = 353 K and Vb = 50 V.
This TOF mobility cannot be compared with that obtained in
gated experiments, e.g., OFET mobility, which mostly probe
a more disordered near-interface crystal layer as compared
to bulk. This is because the underlying polar self-assembled
monolayer (SAM) dielectric inevitably induces a significant
additional electrostatic disorder (∼50−80 meV) [35] in the
layer near the interface, even if the crystal contains no intrinsic
disorder itself. A remarkable observation is that μTOF shows
a gradual decrease with applied electric field, reaching μTOF
= 12 cm2/V s at T = 295 K and Vb = 150 V. At the same
time the mobility exhibits a positive temperature dependence
(dμ/dT > 0) for all values of Vb. To the best of our
knowledge, no observation of the negative field dependence
of mobility (NFDM) for a band-transport organic material in a
high-temperature region has been reported before. NFDM has
been observed in some hopping-transport disordered solids at
low/moderate fields [36–39]. The effect is material specific and
FIG. 3. (a) Field dependences of the TOF mobility measured
(symbols) at different temperatures, and (b) the mobility temperature
dependences at different Vb in C8-BTBT crystalline films. Fitting by
the present EMA model is shown by solid curves. Electric field was
estimated as E = Vb/L.
results from an enhanced positional disorder as demonstrated
by Monte Carlo simulations [7] and EMA calculations [40].
It is noteworthy that the chevron-shaped morphology of the
C8-BTBT crystalline film, as revealed by AFM images in
Sec. 3 of the Supplemental Material [18], facilitates the
creation of dead ends in percolative paths, corresponding to
an enhanced positional disorder. In perfect organic crystals,
NFDM is expected only for the hot-charge-carrier motion
realized at low temperatures where distinct nonactivated
μ ∝ T −n band transport manifests itself, as demonstrated
earlier for naphthalene and perylene single crystals [9,10]. Our
experiments, however, were performed at room temperature
and above, where hot-carrier transport can be ruled out.
Besides, a possible impact of the diffusion-controlled transport
on the observed NFDM is expected at much lower fields (Vcr =
0.05 V for our samples) [18,40] and thus can be excluded.
The EMA transport model developed above allows for a
quantitative description of our unusual observations. Fitting
of the μ(E) and μ(T ) dependences by the present model is
shown in Figs. 3(a) and 3(b) (solid lines), respectively. Some
quantitative deviation of the fitting curves can still be noticed
for some data points—this is due to a simplified character
of the present model and to its ignoring some other relevant
phenomena capable of affecting the mobility. For instance,
charge-phonon scattering or the effective mass approach was
neglected here due to the lack of appropriate theory for
it for C8-BTBT. The present study is mainly focused on
understanding the key physical mechanism responsible for the
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unusual charge transport behaviors and tendencies observed
here; therefore considering the simplicity of the model, the
agreement with experimental data might be considered as rea-
sonably good. The only fitting parameters are δ0 = 27.5 meV,
b = 80 nm, and μ0 = 31.5 cm2/V s (indicated in the inset)
and look reasonable. δ0 is close to δ0 = 30 meV estimated by
recent first-principles calculations [21] for amorphous oxide
semiconductors featuring similarly high delocalized mobility,
while it is significantly less than δ0 = 130 meV reported for
α-Si:H [26] where μ is much lower. The obtained parameter b
is several orders of magnitude less than the channel length
L = 75 μm, which conforms well to the model require-
ment b  L. The intrinsic mobility was estimated as μ0 =
31.5 cm2/V s, which is in the same region as the band mobility
predicted by ab initio calculations for C8-BTBT [12,41].
Finally, it should be noted that, apart from the above-
considered long-range static fluctuations, there might also be
“dynamic” potential fluctuations due to the time evolution
and correlations of the charge localization strength as recently
demonstrated for perfect organic single crystals by quantum-
chemical approaches [20,42,43]. It would thus appear plausi-
ble that, in an imperfect organic system with a (weak) static
disorder, the long-range band edge variations might arise from
a superposition of both static and dynamic components of
the potential fluctuations. However, the dynamic potential
fluctuations alone are fundamentally unable to give rise to the
NFDM observed at low/moderate fields together with positive
mobility temperature dependence in our highly crystalline, yet
imperfect, C8-BTBT films. Treatment of the NFDM effect in
terms of the field-induced transformation of percolation paths
is meaningful only for a disordered system with “static” energy
landscape variations. To the best of our knowledge, there is
no theoretical model available which could rationalize the
NFDM effect based on the “dynamic” disorder which is hardly
compatible with established percolation theories. Nonetheless,
the presence of dynamic potential fluctuations could contribute
to the temperature dependence of the mobility; however,
it is not expected to alter qualitatively our major findings.
Extension of the present theoretical formalism to account
for the dynamic disorder is beyond the scope of the present
study. We believe that since the present model captures the
observed (quite nontrivial) experimental tendencies correctly,
this justifies its applicability at this stage.
In conclusion, we have found that, in contrast to inor-
ganic semiconductors, the energy level structure of organic
semiconductors depends significantly on the degree of charge
delocalization. Spatial distribution of the charge delocalization
length can cause long-range potential fluctuations of the band
edge in crystalline films. This is an alternative concept for
organic semiconductors and we invoke it to formulate an ana-
lytic model for the charge transport through delocalized states
in organic crystalline films. The model was applied to high-
mobility C8-BTBT thin crystalline films with a pronounced
2D charge delocalization behavior. The observed negative
field dependence (NFDM) coupled with positive temperature
dependence of the hole mobility measured in these crystalline
films by a lateral TOF method can naturally be described
by the present model. The NFDM stems from predominance
of a positional disorder. The suggested mechanism can have
important implications for description of the charge transport
via delocalized states in weakly disordered high-mobility OSs
with negligible density of localized states. The principal advan-
tage of the present model is that it can solve the puzzling obser-
vation of positive μ(T ) dependence for the charge transport via
delocalized states for both drift and Hall mobilities reported
earlier in the literature for band-transport materials [20,44].
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